ZmWri putative target genes of this transcription factor, 12 of which contain in their upstream regions an AW-box, the cis element bound by AtWRI1. In addition to functions related to late glycolysis and fatty acid biosynthesis in plastids, the target genes also have functions related to coenzyme A (CoA) biosynthesis in mitochondria and the production of glycerol backbones for triacylglycerol (TAG) biosynthesis in the cytoplasm. Interestingly, the higher seed oil content in ZmWri1a OE is not accompanied by a reduction in starch, thus opening
ZmWri genes --------------------------------------------------------------------------------------------------------------------------------------------

4
35S-promoter can lead to a slight increase of seed oil content and cause the ectopic accumulation of TAGs in developing seedlings, which show aberrant development consistent with a prolonged embryonic state (Cernac and Benning, 2004) .
Expression of the WRI1 gene has been shown to be under the direct control of the transcription factor LEAFY COTYLEDON2 (LEC2) (Baud et al., 2007) , which is considered, together with LEC1, FUSCA3 (FUS3) and ABA INSENSITIVE3 (ABI3), as a master regulator of seed development (Braybrook and Harada, 2008; Suzuki and McCarty, 2008; North et al., 2010) . The pleiotropic phenotypes of the respective mutants suggest that the four gene products act on separate developmental or metabolic pathways and, in so-doing, coordinate the timing of developmental events or the fluxes through particular pathways (Santos-Mendoza et al., 2008) . In maize the knowledge of the regulatory network formed by LEC1, LEC2, ABI3 and FUS3 remains incomplete. The best characterized gene is Viviparous1 (VP1) (McCarty et al., 1991) , the maize ortholog of ABI3. However, the extensive characterization of the vp1 mutant focused largely on a single aspect, the role of Vp1 in ABA-mediated regulation of seed dormancy (Suzuki et al., 2003) . After the cloning and molecular characterization of ZmLec1 in maize (Zhang et al., 2002) , recent work demonstrated that its over-expression increases seed oil production but reduces seed germination and plant growth. In contrast over-expression of the putative downstream factor ZmWri1, stimulates oil accumulation without undesirable side effects (Shen et al., 2010) .
Published data therefore suggest that the influence of WRI1 on seed oil content may be conserved between Arabidopsis and maize. However, it remains to be demonstrated whether the underlying mechanisms are conserved and whether ZmWri1 activates the same target genes as AtWRI1 in Arabidopsis (Ruuska et al., 2002; Baud et al., 2007; Maeo et al., 2009 ). More generally, clarification of the extent to which knowledge gained in the model species Arabidopsis can be generalized to other plants, and more precisely, whether the regulatory networks active in the exalbuminate seed of Arabidopsis are conserved in cereal grains with persistent endosperms, is required. This question is complicated by independent whole genome duplications that happened in the monocot and dicot lineages (Abrouk et al., 2010) . In monocots a first duplication occurred in the common ancestor of all cereals and was followed by multiple chromosome fusions, translocations and other rearrangements (Salse et al., 2008; Devos, 2010) . Later on maize was concerned by an allo-duplication, which probably resulted from hybridization of two maize progenitors, and which occurred after its split from sorghum (Wei et al., 2007) . Here we present the molecular characterization of duplicate ZmWri1 genes in maize, their functionality in the Arabidopsis wri1-4 mutant and the effect of the over-expression of ZmWri1a in maize, on the kernel transcriptome and metabolome.
RESULTS
Wri1 is duplicated in maize
To identify the maize ortholog of AtWRI1, we performed a tblastn search of the maize genome with the amino acid sequence of AtWRI1. The highest scores were obtained for the two closely related gene models GRMZM2G124524 and GRMZM2G174834 (release 4a.53), which we termed ZmWri1a and ZmWri1b, respectively. To clarify the phylogenetic relationship between AtWRI1 and the two maize genes, we enlarged the search to the related Arabidopsis proteins AtWRI2 (At2g41710), AtWRI3 (At1g16060) and AtWRI4 (At1g79700) and included sequences from the dicot grape (Vitis vinifera), and from the monocots rice (Oryza sativa) and sorghum (Sorghum bicolor). The construction of a phylogenetic tree using the whole amino acid sequence of the transcription factors clearly demonstrated that ZmWri1a and ZmWri1b fell into the same clade as AtWRI1 and that they were the closest maize relatives. Other maize proteins were present in the clades defined by AtWRI2 or AtWRI3/AtWRI4 (Fig. 1) . Consequently ZmWri1a and ZmWri1b appeared to be co-orthologs of AtWRI1.
To determine the evolutionary timing of the AtWRI1 duplication we evaluated synteny between the respective chromosome regions in maize, sorghum and rice with the SynMap and GEvo tools (http://synteny.cnr.berkeley.edu/CoGe). There was not only substantial synteny between the regions around ZmWri1a and ZmWri1b in maize but also with the regions around the sorghum gene (Sb05g001790) and the two rice genes (Os11g03540 and Os12g03290) present in the AtWRI1 clade. In addition all 5 regions showed synteny with a region at the top of chromosome 8 of sorghum, which did not contain an AtWRI1-related gene. The most parsimonious interpretation of these data is that the duplication did not occur during the last whole genome duplication of maize 5 Mya, but that it was already present in the common ancestor of maize and rice 60 Mya and that one copy was subsequently lost in sorghum after the split from maize 12 Mya.
ZmWri1a and ZmWri1b exhibit highest expression in the embryo
To assess functional conservation between Arabidopsis and maize WRI1 genes, we first established expression profiles of both maize genes in major organs of the maize plant by qRT-PCR experiments using gene specific primers. Both ZmWri1a and ZmWri1b showed strongest expression in young maize kernels, although they were expressed to various extents in all organs tested ( Fig. 2A) . ZmWri1a relative mRNA levels were higher than ZmWri1b mRNA levels in reproductive tissues, whereas the opposite was true in leaves, where both genes and, in particular ZmWri1b, showed considerably higher expression in sheaths than in blades. The preferential expression of ZmWri1a and ZmWri1b in maize kernels mirrored the preferential expression of AtWRI1 in Arabidopsis siliques (Cernac and Benning, 2004) .
During the development of the maize caryopsis, ZmWri1a and ZmWri1b were expressed at low levels in immature or mature ovules (data not shown) and in kernels younger than 7 days after pollination (DAP, Fig. 2B ). A first expression maximum between 7 and 12 DAP was shared by both genes, although with different kinetics. Finally ZmWri1a showed a second expression peak between 30 and 50 DAP (Fig. 2B ).
To gain further insight into the spatial expression pattern of ZmWri1 genes at the onset of the filling stage, which lasts approximately from 12 to 30 DAP in our material, qRT-PCR was performed on dissected embryos and endosperms. Both genes showed an almost constant expression level in the endosperm and a sharp increase in expression between 9 and 12 DAP in the embryo (Fig. 2C) . At 12 DAP, expression was predominant in the embryo, ZmWri1a and ZmWri1b mRNA levels being more than 50-fold and more than 5-fold higher than in the endosperm, respectively. The relative expression levels of the two genes somewhat differed between embryo and endosperm, ZmWri1a being stronger in the embryo and ZmWri1b stronger in the endosperm.
Both ZmWri1a and ZmWri1b complement the wri1 mutation in Arabidopsis
To further investigate the functionality of ZmWri1a and ZmWri1b in planta, complementation experiments were carried out in Arabidopsis. Homozygous Arabidopsis wri1-4 mutants (Baud et al., 2007) were transformed with maize ZmWri1a or ZmWri1b cDNA, the expression of which was driven by the seed-specific AT2S2 (At4g27150) promoter. For each construct seven independent primary transformants were selected and propagated; the progenies of T3 lines were subjected to detailed analyses. A microscopic observation of mature dry seeds showed a complete reversion of the wrinkled seed phenotype usually observed in the wri1-4 mutant background (Fig. 3A) . Fatty acid analyses confirmed the ability of both ZmWri1a and ZmWri1b to restore the defect in fatty acid accumulation previously described in wri1-4 seeds (Fig. 3B, C) .
It is noteworthy that the fatty acid profile of wri1-4 seeds complemented either with ZmWri1a or ZmWri1b differed from the profile in wild-type seeds. In particular, complemented seeds exhibited an increased content of 18:3 fatty acid species, and a concomitant reduction of 18:1 and 18:2 fatty acid species (Fig. S1 ). This might be the consequence of a delay in AT2S2 promoter activity compared to AtWRI1 promoter activity.
Experiments using a Pro AT2S2 :uidA transgene have shown that Pro AT2S2 activity was specifically detected in the embryonic tissues of maturing seeds from the early-bent stage onward (data not shown), whereas the Pro AtWRI1 activity was already detected in torpedoshaped embryos (Baud et al., 2007) . The delayed induction of maize ZmWri1 cDNAs in complemented seeds compared to that of AtWRI1 in wild-type seeds may postpone the production of de novo fatty acids until mid-maturation, when FATTY ACID DESATURASE 3 (FAD3) is already highly active (Zimmermann et al., 2004) .
Over-expression of ZmWri1a increases fatty acid content of the maize kernel
Since over-expression of AtWRI1 under the control of a strong and constitutive promoter had limited (Cernac and Benning, 2004) or no effect (Baud et al., 2009 ) on the oil content of oleaginous Arabidopsis seeds, we wanted to test whether a similar approach could impact more significantly on the composition of non-oleaginous maize kernels. To this end we placed the ZmWri1a cDNA under the control of the constitutive Cassava vein mosaic virus (CsVMV) promoter and generated 11 independent transformation events in maize. In the T1 generation three events were selected for further analysis on the basis of complete T-DNA transfer, single transgene copy number and high expression level of the transgene.
RT-PCR experiments on T1 leaves established comparable expression levels of the transgene in the three selected events and a near infrared spectrum (NIRS) analysis indicated that the transgenic, hemizygous T2 kernels of all three events had a higher content of certain fatty acids (linoleic acid, oleic acid, total fatty acids) and certain amino acids (proline, serine, tyrosine) than wild-type kernels from the same ears (data not shown). The transgenic kernels did not show any macroscopically visible defects such as wrinkled or plump phenotypes and there was no significant difference in kernel weight between transgenic and wild-type kernels (data not shown).
To further characterize the impact of the ZmWri1a transgene on the carbon metabolism of the maize kernel, we performed a GC-TOF-MS metabolomics analysis on T4 kernels from self-pollinated ears of three homozygous ZmWri1a-OE plants and three wildtype siblings. Out of 152 metabolites analyzed, 79 were actually detected, and the relative abundance of 22 of these was significantly different between mature ZmWri1a-OE and wildtype kernels (Table 1 ). In parallel, principal component analysis confirmed the strong difference between the ZmWri1a-OE and wild-type samples, the first three components explaining 69% of the variability. Among the 10 metabolites with the most strongly significant differences (p-value of Student's t-test < 0.01) were four fatty acids (palmitic, linolenic, oleic and stearic acid), three short organic acids (succinic, citric and glyceric acid) and two free amino acids (lysine and glutamic acid), all of which showed an increased content in transgenic kernels. An independent GC analysis of total fatty acid content (from C16 to C22 in their saturated and unsaturated forms, up to 3 double bonds) allowed the quantification of the increase between transgenic (71.09 µg/mg DW) and wild-type kernels (64.68 µg/mg DW).
Since starch, the major storage product of the maize kernel, is a polymer and consequently not captured by GC-MS based techniques, we used spectroscopic methods to measure starch content as well as the relative amounts of amylose and amylopectin. No statistically significant difference was detected between mature ZmWri1a-OE and wild-type kernels despite a consistent trend for slightly lower starch, amylose and amylopectin contents in transgenic kernels (data not shown).
Finally, the microscopic observation of cytological sections of 24 DAP kernels did not reveal any morphological defect in ZmWri1a-OE kernels, and size measurements of the embryo at 24 DAP and at maturity did not show any significant size differences between ZmWri1a-OE and wild-type embryos. In summary, the increased content in oil and certain free amino acids in ZmWri1a-OE kernels impacted neither on the deposition of other storage compounds, nor on kernel morphology.
Transcriptome analysis identifies 18 putative target genes of ZmWri1a
To identify genes regulated by the transcription factor ZmWri1a, a transcriptome comparison between transgenic ZmWri1a-OE maize plants over-expressing ZmWri1a and wild-type sister plants was carried out. RNA was extracted from the aerial parts of 18 DAS (days after sowing) plantlets and used to hybridize a genome wide 46 K micro-array. A first gene list of only 5 differentially expressed genes was established based on a p-value <0.05 for the biological triplicate and strong expression differences (logR>0.3 or <-0.3). Using lower stringency for the second parameters (logR>0.2 or <-0.2) but including high spot intensity kernels at 16, 24, 32 and 40 DAP (Table 2 and Fig. 4) . At 24 DAP all 18 genes were significantly up-regulated and for 15 of them this was also true at all other developmental stages tested. However, in two cases (MZ00031529 and MZ00039375) the up-regulation in ZmWri1a-OE kernels was limited to the stages 16 and 24 DAP, whereas expression was much stronger in wild-type kernels at 32 and particularly at 40 DAP. The corresponding genes may therefore be controlled by two distinct regulatory pathways with ZmWri1a either promoting the first or inhibiting the second. Similar reasoning would also explain the upregulation of the gene corresponding to MZ00042142 in wild-type kernels at 16 DAP but not in transgenic kernels at later stages.
Putative targets of ZmWri1a act in the glycolysis, the fatty acid or TAG-related biosynthetic pathways
To determine whether the 18 putative target genes acted in common metabolic or developmental pathways, complete protein sequences were assembled starting from the 70 nt Table 2 ).
The deduced amino acid sequence of the first gene showed some homology to the PEP utilizing domain (pfam00391) of a bacterial phosphoenolpyruvate-protein phosphotransferase which has been shown to produce pyruvate from PEP and use the phosphate, via carrier proteins, for various processes such as sugar transport (Rabus et al., 1999) . Two near isogenic genes (MZ00024552, MZ00043500) coded for closely related plastidial pyruvate kinases catalyzing the irreversible synthesis of pyruvate and ATP from PEP and ADP. The first step of fatty acid synthesis is executed by the pyruvate dehydrogenase multienzyme complex (PDHC), which catalyzes the decarboxylation of pyruvate into acetyl-CoA. Among the targets isolated, three genes encoded either
components of the pyruvate dehydrogenase (E1 subunit of PDHC) and two genes (MZ00017663, MZ00043050) encoded dihydrolipoyl acyltransferase (E2 subunit of PDHC).
In addition, the lipoyltransferase encoded by MZ00017651 likely catalyzes the covalent attachment of lipoic acid to the PDHC-E2 apo-enzyme, thereby creating the active holoenzyme.
The first gene clearly involved in acyl chain production ( Finally, MZ00015977 encodes a cytosolic NAD-dependent glycerol-3-phosphate dehydrogenase providing glycerol backbones necessary for TAG biosynthesis. No precise function could be attributed to the outer membrane lipoprotein MZ00031529, while the last confirmed candidate has no informative annotation (MZ00039375).
DISCUSSION
WRI1, a key regulator of oil biosynthesis discovered in Arabidopsis, is duplicated in maize. Our expression and complementation data indicate that both ZmWri1a and ZmWri1b fulfill a role similar to that of AtWRI1 in the developing embryo. We have shown that at least ZmWri1a acts via the transcriptional regulation of enzymes involved in glycolysis or in the fatty acid and TAG biosynthetic pathways, and that over-expression of ZmWri1a is sufficient to increase the oil content in maize kernels.
Conserved function and expression between ZmWri1 genes and AtWRI1
The duplication of WRI1 is not specific to maize but is also found in rice and probably occurred 90 million years ago during the genome duplication of the common ancestor of cereals. Both maize genes encode functional proteins, since they both complement the wrinkled phenotype and the low fatty acid content of Arabidopsis wri1-4 mutant seeds. These data suggest that the overall molecular function, i. e. the transcriptional activation of multiple target genes involved in fatty acid biosynthesis, has been conserved over more than 150 million years between AtWRI1, ZmWri1a and ZmWri1b. The qualitative differences in fatty acid composition between wri1-4 mutants complemented with maize genes and wild-type controls might be explained by a heterochronic effect of the AT2S2 promoter used for complementation and/or by ongoing co-evolution between each individual transcription factor and its respective cis elements/targets within species.
Despite the overall conservation of their molecular function the two maize genes ZmWri1a and ZmWri1b may not play the same role in the maize plant. Although both
ZmWri1 genes mirror the expression pattern of AtWRI1 with a preferential expression in the kernel and a strong induction in the embryo at the onset of the maturation phase, the expression patterns of ZmWri1a and ZmWri1b are clearly distinct. Contrary to ZmWri1a, ZmWri1b is barely expressed in reproductive tissues prior to pollination, whereas the opposite is true in leaf sheaths. In the kernel, ZmWri1a has a bi-phasic expression pattern with a second peak at the end of the filling stage, which is missing for ZmWri1b. In the embryo
ZmWri1a is the predominant gene, while ZmWri1b but not ZmWri1a shows substantial expression in the endosperm. All these expression differences likely reflect an ongoing specialization on an evolutionary time scale, which may imply subtle changes in the sets of target genes and/or altered responses to regulators of carbon partitioning. One may speculate that ZmWri1b is evolving towards a house keeping gene maintaining TAG biosynthesis for various cellular processes, while ZmWri1a remains mainly devoted to storage fatty acid biosynthesis during grain filling.
Conserved regulation of oil biosynthesis between maize and Arabidopsis
The over-expression of ZmWri1a under the control of the constitutive CsVMV Common targets between maize and Arabidopsis include subunits of the pyruvate kinase and pyruvate dehydrogenase complexes, ketoacyl-ACP synthase, acyl-ACP thio-esterase and acyl carrier proteins (Fig. 5) . While our confirmed candidates did not include all putative targets isolated in Arabidopsis (Fig. 5) chain acyl-CoA synthase (Fig. 5) . It is noteworthy that two of these enzymes are predicted to be located at the plastid membrane (long chain acyl-CoA synthase) or in the cytoplasm (glycerol-3-phosphate dehydrogenase) and have functions related to TAG biosynthesis.
Among the remaining four ZmWri1a targets one has no similarity to proteins or domains with known function, wheras the other three have roles related to CoA biosynthesis and/or homeostasis (Fig. 5) . At first sight, their predicted localization in mitochondria (ketopantoate hydroxymethyltransferase, carbonic anhydrase) or the cytoplasm (acetyl-CoA acetyltransferase) makes it difficult to establish a direct link to fatty acid biosynthesis localized in plastids. However, it is known that CoA is present in all compartments and that precursors are shuttled between compartments (Rubio et al., 2008) . In addition the overexpression of a CoA biosynthetic enzyme has been shown to lead to increased seed oil content in Arabidopsis (Rubio et al., 2008) . The maize acetyl-CoA acetyltransferase shows similarity to ACAT1 and ACAT2 from Arabidopsis, suggesting a function in the mevalonate pathway leading to isoprenoid biosynthesis, rather than in the degradation of lysine of isoleucine (Carrie et al., 2007) . The increase rather than decrease in lysine content in ZmWri1a-OE kernels further substantiates this hypothesis. While the mevalonate pathway consumes rather than produces acetyl-CoA, the reaction releases CoA, which may be transported to the plastid and have a beneficial effect on fatty acid synthesis.
AW-boxes are present in the upstream regions of ZmWri1a target genes
In Arabidopsis the AW-box 5' CnTnG(n) 7 CG 3' has been identified as the AtWRI1 binding site in the promoter sequences of three target genes and 28 AW-boxes have been found in the upstream regions of 19 genes involved in fatty acid biosynthesis out of 46 examined (Maeo et al., 2009) . A survey of the putative promoter sequences -3 kb upstream of the predicted ATG start codons -of the 18 ZmWri1a target genes isolated in this study demonstrated the presence of 33 AW-boxes in 12 of the 18 sequences analyzed (Fig. 6A) . As in the case of Arabidopsis, at least one AW-box per sequence was located close to the start codon, with one possible exception (MZ00044044/MZ00026553). Our analysis also showed that an AW-box can overlap with a second AW-box, both on the sense (Fig. 6B ) and the antisense strand (Fig. 6C) . The existence of a palindromic AW-box may hint at the binding of ZmWri1a as a homodimer or as a heterodimer with another transcription factor of the AP2/EREBP family.
Metabolic adjustments in ZmWri1a-OE kernels
Transgenic ZmWri1a-OE kernels did not only show a significant increase in saturated and unsaturated fatty acids with 16 to 18 carbon atoms, but also a significant increase for several free amino acids (lys, glu, phe, ala, val), intermediates or co-factors of amino acid biosynthesis (pyroglutamate, aminoadipic acid, ornithine, norleucine) and intermediates of the tricarboxylic acid cycle (citric acid, succinic acid). Since the transcriptome analysis suggests that ZmWri1a essentially activates genes coding for enzymes in late glycolysis, fatty acid, CoA and TAG biosynthesis, and considering that no mis-regulated candidates participate in any additional pathways, the increase in amino acids and TCA intermediates probably reflects secondary adjustments of the carbon and nitrogen metabolism to the increased oil biosynthesis triggered by ZmWri1a. The three amino acids phenylalanine, alanine and valine are derived from PEP or pyruvate and their increase may simply be a byproduct of a strongly increased carbon flux through glycolysis. Likewise, the increased amounts of citric and succinic acid may reflect an increased activity of the TCA cycle.
Glutamate is the storage form of ammonia in the plant and the very steep increase in glutamate content of transgenic kernels may be indicative of an excess of nitrogen or rather an imbalance between nitrogen and available carbon skeletons. The increase in aminoadipic acid, ornithine and pyroglutamate is possibly linked to subsequent adjustments of the ammonia assimilation cycle between glutamine and glutamate and downstream pathways leading to proline and arginine synthesis.
Use of ZmWri1a-OE plants in plant breeding
Our results on greenhouse grown transgenic plants over-expressing ZmWri1a under the control of the constitutive CsVMV promoter confirm recent results on field grown transgenic plants using the embryo-preferred OLE promoter in showing that the increase in seed oil content is not linked to an increase in embryo size but in seed oil (Shen et al., 2010) . changes in the overall starch content of the kernel, despite a decrease in the embryo, where very minor amounts of starch are stored (Shen et al., 2010) . While it does not appear to be possible to produce oil rather than starch in maize endosperm by the simple over-expression of ZmWri1a in the starchy endosperm (Shen et al., 2010) , increased yield of nutritionally improved oil from transgenic embryos is still of sufficient interest to the milling industry to warrant use of ZmWri1a-OE lines in plant breeding. In addition, the differences in oil quality seen in Arabidopsis between wild-type seed and mutant seed complemented with maize ZmWri1 genes may provide valuable information for the engineering of oil seed crops. Once it has been determined whether a heterochronic effect of the AT2S2 promoter or the altered coding sequence of the maize genes are responsible for the effect, the identified component could be transferred to rapeseed or other crops to produce oil with higher levels of polyunsaturated fatty acids.
Beyond nutritional aspects TAGs also present considerable interest for energy production. In vegetative tissues of Arabidopsis the ectopic expression of AtWRI1 leads to a 3-fold increase in TAG levels, which can be further increased by the concomitant repression of ADP-glucose pyrophosphorylase (Sanjaya et al., 2011) . This approach can likely be transferred to maize since mRNA levels of all 18 target genes of ZmWri1a are significantly increased in leaves of ZmWri1a-OE plants (Table 2) . And crosses to ADP-glucose pyrophosphorylase mutants may provide a means to shift carbon partitioning at least partially from starch to TAG biosynthesis not only in vegetative tissues but also in the endosperm.
MATERIALS AND METHODS
Plant material and growth conditions
The maize inbred line A188 and transgenic A188 plants over-expressing ZmWri1a were grown in a S2 greenhouse with a 16 h illumination period (100 Wm -2 ) at 24/19 °C (day/night) and without control of the relative humidity. Kernels were germinated in 0. Seeds of the Arabidopsis wri1-4 (Col-0 background) mutant line (Baud et al., 2007) were surface sterilized and germinated on Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) . After a cold treatment of 48 h at 4°C in the dark, plates were kept in a growth chamber (16/8 h light photoperiod at 150 µm m -2 s -1 ; 15°C night/20°C day temperature). After 10 d, the plantlets were transferred to compost, grown in a greenhouse under similar conditions, and irrigated twice a week with mineral nutrient solution.
T-DNA constructs and plant transformation
The coding sequences of ZmWri1a and ZmWri1b were amplified on cDNA from 7 DAP kernels (genotype A188) with primers FT126-F7 and FT126-R7 and on cDNA from 16 DAP kernels (genotype B73) with primers attB1-Wri2 and attB2-Wri2, respectively. After BP recombination into pDONZeo (Invitrogen) the resulting entry vectors L698 and L1129 were sequenced prior to LR recombination. Only L698 was recombined into the maize destination vector pBIOS886, which was based the backbone of vector pSB11 (Ishida et al., 1996) and contained between T-DNA borders a Basta resistance cassette for selection, a GFP cassette for the tracking of transgenics in segregating material as well as attR1 and attR2 sites downstream of the constitutive CsVMV promoter and upstream of the Sac66 terminator.
Primer sequences are given in Table S1 .
Agrobacterium-mediated transformation of maize inbred line A188 with the resulting plasmid was based on a published protocol (Ishida et al., 2007) . Among 11 independent transformation events, three events with single copy insertions and high expression levels were chosen for the present study.
For the construction of the Pro AT2S2 -R1R2-HYGRO destination vector the AT2S2 (At4g27150) promoter) was amplified from with the proofreading Pfu Ultra DNA polymerase (Stratagene) on Arabidopsis genomic DNA using primers HindIIIpAT2S2up and AscIpAT2S2low (Table S1 ). The PCR product representing position -984 to -1 relative to the AT2S2 translational start codon was digested with HindIII and AscI and cloned into pMDC32 The binary vectors were electroporated into Agrobacterium tumefaciens C58C1 strain and used for agroinfiltration of Arabidopsis wri1-4 flower buds (Bechtold et al., 1993) .
Primary transformants were selected on MS medium containing hygromycin (50 mg l -1 ) and then transferred to soil. Homozygous T3 lines producing 100% resistant plantlets were selected and used for complementation analyses. For each construct, seven independent transformants were considered.
Sequence analysis
The cDNA sequences corresponding to the 70 mers present on the micro-array were established by BlastN individual EST sequences or full length cDNA sequences at NCBI (www.ncbi.nlm.nih.gov/BLAST/). Consensus sequences were obtained using VectorNTI
ContigExpress software (Invitrogen) and regularly updated. Genomic sequences were obtained by BlastN of the cDNA sequence against the maize genome (www.maizesequence.org). Deduced amino acid sequences were annotated by BlastP against the Arabidopsis genome at NCBI and screened for known, conserved domains using the CDS database.
After amino acid sequences alignment with ClustalW and conserved block selection with SeaView (http://pbil.univ-lyon1.fr/software/seaview.html) maximum likelyhood phylogenetic trees were generated with Treefinder software (www.treefinder.de) using the substitution model WAG_optimumG4 and 1000 bootstrap replicates.
Quantitative reverse transcription-polymerase chain reaction
Total RNA was extracted with the TRIzol ® reagent, treated with DNAse and reverse 
Micro-array analysis
Hybridization of the maize 46 K (version 1) 70-mer oligo array printed on a single glass slide (http://www.maizearray.org) was performed in biological triplicate and with Cy5/Cy3 dye swap as technical replicates. Probes were synthesized from total RNA isolated from the aerial parts of 18 DAS maize seedlings from wild-type and ZmWri1a-OE plants was using an Eberwine-based amplification method and indirect labeling with dyes. Briefly, 2µg of total RNA were reverse-transcribed with an oligo dT primer bearing a T7 promoter. After Raw data were normalized using a quantile normalization approach consisting in adjusting each individual signal distribution to a common one. Normalization was performed with the open source R software with packages dedicated to microarray analysis. Gene lists were constituted of differentially expressed genes presenting a minimum 2 fold change between the 2 conditions with a p-value statistical threshold at 0.01.
Metabolomic measurements
The extraction of metabolites from plant tissues and their analysis by gas chromatography coupled to time-of-flight mass spectrometry on a LECO Pegasus III with an Agilent 6890 N gas chromatography system and an Agilent 7683 automatic liquid sampler was performed as described (Tcherkez et al., 2009 ). The integration of peaks was performed using the LECOPegasus software. Because automated peak integration was occasionally erroneous, integration was verified manually for each compound in all analyses. Fatty acid analyses were performed on pools of 20 seeds (Arabidopsis) and on meals of lyophilized grain tissues (maize) as previously described (Li et al., 2006) . Starch content was determined with the Starch kit according to the instructions of the manufacturer (Roche).
Amylose and amylopectin were detected simultaneously by multi-wavelength analysis (Sené et al., 1997) .
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Fig. 1: Phylogenetic tree of WRI proteins
A maximum likelihood phylogenetic tree was generated using all full length grapevine (GSVIV, black), maize (GRMZM, red), rice (Os, blue) and sorghum (Sb, purple) amino acid sequences related to AtWRI1, AtWRI2, AtWRI3 and AtWRI4 from Arabidopsis (At, green) using Treefinder software. Percentage values on each branch represent the corresponding bootstrap probability. Table 2 . Error bars correspond to the standard deviation calculated from technical duplicates of the gene of interest and the reference gene on pools of 5 kernels. For each data point the difference between ZmWri1a-OE and wild-type kernels is statistically significant with a p-value <0.05 in Student's t-test. 
